We investigate singlet scalar dark matter (DM) candidate in a left-right symmetric gauge model with two Higgs bidoublets (2HBDM) in which the stabilization of the DM particle is induced by the discrete symmetries P and CP. According to the observed DM abundance, we predict the DM direct and indirect detection cross sections for the DM mass range from 10 GeV to 500 GeV. We show that the DM indirect detection cross section is not sensitive to the light Higgs mixing and Yukawa couplings except the resonance regions.
I. INTRODUCTION
The existence of dark matter (DM) is by now well established from astrophysical observations [1] . Together with the recent WMAP results, the cosmological observations have shown that the present Universe consists of about 73% dark energy, 23% dark matter, and 4% baryonic matter [2] .
In the standard model (SM) of particle physics, there is no cold DM candidate. Therefore, one has to extend the SM to account for the existence of DM. The DM candidate is often accompanied by some discrete symmetries to keep it stable, such as the R parity in supersymmetric (SUSY) models and KK parity in universal extra dimension models. Although the discrete symmetries are necessary for the DM stability, they may be introduced from different motivations [1] .
In the left-right (LR) symmetric gauge model [3] [4] [5] with spontaneous CP violation (SCPV), the P and CP symmetries are exact before the spontaneous symmetry breaking (SSB). In this case, it is possible that the discrete symmetries P and CP strongly constrain the scalar sector of the model and naturally give stable DM candidates. This possibility has not been emphasized in the literature, due to the fact that most of the popular models such as SM and SUSY violate P maximally. In Ref. [6] , we have shown that the P and CP symmetries can give a stable DM candidate in an extension of a left-right symmetric gauge model with a singlet scalar field S = (S σ + iS D )/ √ 2. In this model, the CP odd particle S D is stable even after the SSB, provided that it does not develop vacuum expectation value (VEV).
Without large fine-tuning, it is difficult to have a successful SCPV in the minimal left-right symmetric gauge model with only one Higgs bidoublet (1HBDM) [5, 7] . This is because in the decoupling limit the predicted CP violating quantity sin 2β ∼ 0.1 with β being a CP phase angle in the Cabibbo-Kobayashi-Maskawa (CKM) matrix is far below the experimentally measured value of sin 2β = 0.671 ± 0.024 from the two B-factories [8] . In addition, the 1HBDM is also subject to strong phenomenological constraints from low energy flavor changing neutral current (FCNC) processes, especially the neutral kaon mixing which pushes the masses of the right-handed gauge bosons and some neutral Higgs bosons much above the TeV scale [9] . Motivated by the requirement of both spontaneous P and CP violations, we have considered the left-right symmetric gauge model with two Higgs bidoublets (2HBDM) [10] . In the 2HBDM, the additional Higgs bidoublet modifies the Higgs potential so that the fine-tuning problem in the SCPV can be avoided, and the bounds from the FCNC processes can be relaxed. The extra Higgs bidoublet may also change the interferences among different contributions in the neutral meson mixings, and lower the bounds for the right-handed gauge boson masses not to be much higher than the TeV scale [10] . Such a right-handed gauge boson can be searched at the LHC using the angular distributions of top quarks and the leptons from top quark decays [11] .
In Ref. [6] , we have shown that the discrete symmetries P and CP can be used to stabilize the DM candidate S D in the 1HBDM and 2HBDM with the SCPV. Using the observed DM abundance, we can constrain the parameter space and predict the spin-independent (SI) DM-nucleon elastic scattering cross section. For simplicity, we have only considered the case with no mixing among light neutral Higgs bosons in the 2HBDM and the dark matter is heavy. In this paper, we shall demonstrate in detail the mixing effect on the DM direct detection. Notice that several new DM annihilation channels can be derived, namely two DM particles may annihilate into a gauge boson and a Higgs boson. On the other hand, we are going to extend the DM mass range from 200 GeV ≤ m D ≤ 500 GeV to 10 GeV ≤ m D ≤ 500 GeV. As a consequence, one will meet several resonances in the 2HBDM. Therefore we shall consider the Breit-Wigner resonance effect for the determination of the DM relic density [12] . In addition, we will also consider the DM indirect search in the 1HBDM and 2HBDM. The paper is organized as follows: In Section. II, we outline the main features of the 1HBDM and 2HBDM with a singlet scalar. In Sec. III and Sec. IV, we discuss the parameter space, the DM direct search and the DM indirect search in the 1HBDM and 2HBDM, respectively. Some conclusions are given in Sec. V.
II. THE LEFT-RIGHT SYMMETRIC GAUGE MODEL WITH A SINGLET SCALAR
We begin with a brief review of the 2HBDM described in Ref. [10] . The model is a simple extension to the 1HBDM, which is based on the gauge
The left-and right-handed fermions belong to S U(2) L and S U(2) R doublets, respectively. The Higgs sector contains two Higgs bidoublets φ (2,2 * ,0), χ (2,2 * ,0) and a left(right)-handed Higgs triplet ∆ L(R) (3(1),1(3),2) with the following flavor contents
The introduction of Higgs bidoublets φ and χ can account for the electroweak symmetry breaking and overcome the fine-tuning problem in generating the SCPV in the 1HBDM. Meanwhile it also relaxes the severe low energy phenomenological constraints [10] . Motivated by the spontaneous P and CP violations, we require P and CP invariance of the Lagrangian, which strongly restricts the structure of the Higgs potential. The most general potential containing only the φ and ∆ L,R fields is given by
where the coefficients µ i , λ i , ρ i , α i and β i in the potential are all real as all the terms are selfHermitian. The Higgs potential V χ∆ involving χ field can be obtained by the replacement χ ↔ φ in Eq. (2). The mixing term V χφ∆ can be obtained by replacing one of φ by χ in all the possible ways in Eq. (2) . In order to simplify the discussion, we shall first consider the 1HBDM which already contains the main features of the complete model. Then we postpone the discussions on the χ contributions into Section IV.
After the SSB, the Higgs multiplets obtain nonzero VEVs
where κ 1 , κ 2 , v L and v R are in general complex, and κ ≡ |κ 1 | 2 + |κ 2 | 2 ≈ 246 GeV represents the electroweak symmetry breaking scale. Due to the freedom of gauge symmetry transformation, one can take κ 1 and v R to be real. To avoid the fine-tuning problem of fermion masses, we require v L ≃ 0 and κ 2 ≪ κ 1 . The value of v R sets the scale of left-right symmetry breaking which is directly linked to the right-handed gauge boson masses. v R is subjected to strong constraints from the K, B meson mixings [4, 8, 9] as well as low energy electroweak interactions [13, 14] . The kaon mass difference and the indirect CP violation quantity ǫ K set a bound for v R around 10 TeV [13, 15] .
In our model, the P and CP symmetries have been required to be exactly conserved before the SSB, thus the discrete symmetries P and CP can be used to stabilize the DM candidate. In the framework of 2HBDM with a complex singlet scalar S = (S σ + iS D )/ √ 2, we have considered 
where
Only the last term explicitly violates U(1) symmetry. After the SSB, S obtains a real VEV v σ / √ 2. Then one can straightly derive
where we have used the minimization condition µ 
For simplicity here we require v σ > v R ∼ 10 TeV ≫ κ which means the mixing angles between S σ and the above four neutral Higgs bosons are small. The terms v 2 σ O i in Eq. (5) do not change the minimization condition forms for φ and ∆ L(R) . This is because these terms only change the overall coefficients µ 1 , µ 2 and µ 3 in Eq. (2) . Hence the mass matrixes of the Higgs multiplets φ and ∆ L,R remain the same as that in the 1HBDM in Refs. [5, 16] , which also indicates that the additional potential term V S in Eq. (5) Table III . 
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and ∆∆ * stands for any states of [17] . In the 1HBDM, the DM annihilation cross sectionsσ = 4E 1 E 2 σv (E 1 and E 2 are the energies of two incoming DM particles) for different annihilation channels have the following
III. DARK MATTER SIGNAL IN THE 1HBDM
where s is the squared center-of-mass energy [18] . The quantity F is defined as
. The Higgs decay width Γ h 0 and G 1 are given by
From Eqs. 
are relevant to our numerical analysis. Here we have used m Table II .
A. Constraints from the DM relic density
In order to obtain the correct DM abundance, one should resolve the following Boltzmann equation [19] :
where Y ≡ n/s(x) denotes the DM number density. The entropy density s(x) and the Hubble parameter H evaluated at x = 1 are given by
where M PL ≃ 1. 22 × 10 19 GeV is the Planck energy. g * is the total number of effectively relativistic degrees of freedom. The numerical results of g * have been presented in Ref. [20] . Here we take the QCD phase transition temperature to be 150 MeV. The thermal average of the annihilation cross section times the relative velocity σv is a key quantity in the determination of the DM cosmic relic abundance. We adopt the usual single-integral formula for σv [21] : When the DM mass m D is larger than the mass of top quark, one will not meet the resonance [12] and threshold [22] effects in our model. Thus we use the approximate formulas to calculate the DM relic density for 200 GeV ≤ m D ≤ 500 GeV. In this case, σv can be expanded in powers of relative velocity and x −1 for nonrelativistic gases. To the first order σv ≃ σ 0 x −n , where n = 0(1)
for s(p)-wave annihilation process [19] . The approximate formula for σv is given by [23] 
where ω = (σ ff +σ 
with . It should be mentioned that the thermally averaged annihilation cross section σv will significantly change as the evolution of the Universe when the DM particle is nearly onehalf the mass of a resonance [12] . This is the Breit-Wigner resonance effect which has been used to explain the recent PAMELA [24] , ATIC [25] and Fermi [26] anomalies. Notice that the decaying S D with a lifetime around O(10 26 s) can also account for the electron and positron anomalies [27] .
Here we have considered the Breit-Wigner resonance effect for the determination of the coupling 
B. Dark matter direct search
For the scalar dark matter, the DM elastic scattering cross section on a nucleon is spinindependent, which is given by [1]
where m n is the nucleon mass. Z and A − Z are the numbers of protons and neutrons in the nucleus.
f p,n is the coupling between DM and protons or neutrons, given by
where f
T u = 0.014 ± 0.003, f 
Because of f n ≈ f p , we can derive
It is worthwhile to stress that σ S I n is independent of λ R . Using the predicted λ 1,D from the observed DM abundance, we straightly calculate the spinindependent DM-nucleon elastic scattering cross section σ S I n . The numerical results are shown in Fig. 2 (right panels) . For 10 GeV ≤ m D ≤ 200 GeV, we find that two DM mass ranges can be excluded by the current DM direct detection experiments CDMS II [29] and XENON10 [30] . Due to the existence of λ R , we can obtain different values of σ kg [32] and XENON1T [33] can cover most parts of the allowed parameter space. For the region near the resonance point, the predicted σ S I n is far below the current and future experimental upper bounds.
C. Dark matter indirect search
As shown in Sec. III A, σv is a key quantity in the determination of the DM cosmic relic abundance. On the other hand, σv also determines the DM annihilation rate in the galactic halo. It should be mentioned that the DM annihilation in the galactic halo occurs at v ≈ 10 In our model, the DM annihilation can generate primary antiprotons which can be detected by the DM indirect search experiments. Recently, the PAMELA collaboration reports that the observed antiproton data is consistent with the usual estimation value of the secondary antiproton [24] . Therefore one can use the PAMELA antiproton measurements to constrain σv 0 . In Fig.   3 , we have also shown the maximum allowed σv 0 for the MIN, MED and MAX antiproton propagation models given in Ref. [34] . Then we can find that a very narrow region can be excluded by the PAMELA antiproton data in our model. In fact, the width of this excluded region is about 0.4 GeV for the MED and MAX cases. When double DM mass 2m D is slightly less than the Higgs mass m h 0 , the predicted σ S I n and σv 0 are very small which means that it is very difficult to detect the DM signals.
IV. DARK MATTER SIGNAL IN THE 2HBDM
We have discussed the Higgs singlet S D as the cold DM candidate in the 1HBDM. In this section, we generalize the previous discussions to the 2HBDM in which the other bidoublet χ mixes significantly with φ and ∆ L,R . In this case the SCPV can be easily realized [10] . Comparing with the previous case, the main differences are that there could be more scalar particles entering the DM annihilation and scattering processes. Furthermore, the new contributions from these particles may modify the correlation between the DM annihilation and DM-nucleon elastic scattering cross sections, which leads to significantly different predictions from the other singlet scalar DM models and the previous discussions.
As shown in Eq. (1), the second Higgs bidoublet χ contains two neutral Higgs contents χ is convenient for us to rotate Higgs bidoublets φ and χ into
where H ± are a pair of light charged Higgs bosons. Then one can diagonalize the mass matrix of three light neutral Higgs h 1,2,3 and derive three light neutral Higgs mass eigenstates. The relation between h 1,2,3 and three mass eigenstates can be written as 
where s x ≡ sin θ x , c x ≡ cos θ x and so on. Due to many unknown parameters in the Higgs potential of 2HBDM, we can not explicitly calculate three mixing angles θ x , θ y and θ z . For illustration, we consider three representative cases:
• and θ z = 75
• . The Case I means that there is the significant mixing among three light neutral Higgs. If all CP violation phases are absent, we can obtain θ y = 0 • and
• . In the Case II, the light Higgs A is CP odd which does not mix with h and H. For the Case III, we only consider the scalar and pseudoscalar mixing, namely θ x = 0 • .
In the 2HBDM, the possible DM annihilation products are ff , In the basis of Eq. (24), the Yukawa interactions for quarks are given by
When both P and CP are required to be broken down spontaneously, the Yukawa coupling matrices Y φ ,Ỹ φ , Y χ andỸ χ are complex symmetric. Then one may rotate the quark fields and derive the following Yukawa interactions relevant to light neutral Higgs particles: (27) where Y φ ′ andỸ φ ′ are diagonal matrixes. According to the up and down quark masses, we can 
Since Y χ ′ andỸ χ ′ don't contribute the quark masses, the parameter R q may be very large except the top quark case.
In the 2HBDM, the parameter R q in Eq. (28) In the 2HBDM, the DM-quark coupling a q in Eq. (21) is given by n which is still below the current experiment upper bounds. The future experiments XENON100 [31] , CDMS 100 kg [32] and XENON1T [33] can cover most parts of the allowed parameter space except the extreme cancellation cases. Nevertheless, it is still difficult to detect 
